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Introdução / Objetivos: Nas pessoas, a força terminal da onda P (PTF) é 
reconhecida como um critério eletrocardiográfico para avaliar anormalidades do átrio 
esquerdo. Dentro do conhecimento do autor, a PTF não foi investigada em cães. 
Neste estudo, procurou-se a presença de PTF em cães saudáveis e em cães com 
doença mixomatosa da valva mitral (MMVD). Também comparamos a PTF com 
outros parâmetros derivados da onda P (duração, área, produto Cornell e eixo) e 
procuramos correlações com substitutos ecocardiográficos de dilatação e congestão 
do átrio esquerdo. Animais: Quarenta e sete cães saudáveis e setenta e quatro cães 
com doença valvar mitral diagnosticada ecocardiograficamente. Métodos: Esta 
pesquisa foi delineada como um estudo observacional transversal prospectivo. 
Todos os cães foram submetidos a exames físicos, eletrocardiográficos e 
ecocardiográficos padrão antes da inclusão na investigação. As medidas 
eletrocardiográficas foram obtidas a partir de gravações simultâneas em três locais 
diferentes para a derivação precordial V1. A força terminal da onda P foi considerada 
como a deflexão após a segunda metade da onda P. Além disso, a duração e a 
amplitude da onda P foram obtidas para calcular os outros quatro parâmetros 
eletrocardiográficos. Resultados: A força terminal da onda P foi melhor documentada 
a partir de gravações obtidas no primeiro e terceiro espaços intercostais direitos. 
Nesses locais, a onda P era negativa e a força terminal da onda P era positiva. A 
força terminal da onda P e a duração da onda P correlacionaram-se com os 
parâmetros ecocardiográficos no primeiro e no terceiro espaços intercostais (p 
<0,05). A força terminal da onda P, a duração da onda P, a área da onda P e o 
produto Cornell foram capazes de diferenciar cães com átrio esquerdo normal 
daqueles com aumento do átrio esquerdo (p <0,05). Conclusões: Em cães, a força 
terminal da onda P é melhor registrada nos locais mais craniais para a derivação 
precordial V1. A análise da força terminal da onda P, duração da onda P, área da 
onda P e produto da Cornell da onda P na derivação precordial V1 pode ser usada 
como uma triagem eletrocardiográfica do aumento do átrio esquerdo em cães com 
sopros cardíacos atribuídos à doença mixomatosa da valva mitral. 
 









Introduction/Objectives: In people, P-wave terminal force (PTF) is one of the 
electrocardiographic criteria used to assess left atrial abnormalities. To the best of 
the authors’ knowledge, PTF has not been investigated in dogs. In this study, we 
measured PTF in healthy dogs and dogs with myxomatous mitral valve disease 
(MMVD) and compared PTF with other P-wave derived parameters (duration, area, 
Cornell product and axis) and correlated it with echocardiographic surrogates of left 
atrial dilatation and congestion. Animals: Forty-seven healthy dogs and 74 dogs with 
echocardiographically diagnosed mitral valve disease. Methods: This was a 
prospective cross-sectional observational study. All dogs underwent physical, 
electrocardiographic and standard echocardiographic examinations prior to 
enrolment. Electrocardiographic measurements were obtained from simultaneous 
recordings at three different locations for precordial lead V1. P-wave terminal force 
was defined as the deflection following the second half of the P-wave. P-wave 
duration and amplitude were also measured to calculate the other four ECG 
parameters. Results: P-wave terminal force was best documented from recordings 
obtained at the first and third right intercostal spaces. In those locations, the P-wave 
was negative and P-wave terminal force was positive. P-wave terminal force and P-
wave duration correlated with echocardiographic parameters at both the first and 
third intercostal spaces (p<0.05). P-wave terminal force, P-wave duration, P-wave 
area and Cornell product could be used to differentiate dogs with a normal left atrium 
from those with left atrial enlargement (p<0.05). Conclusions: In dogs, P-wave 
terminal force is best recorded at the most cranial location for precordial lead V1. P-
wave terminal force, P-wave duration, P-wave area and P-wave Cornell product in 
precordial lead V1 may be used in electrocardiographic screening for left atrial 
enlargement in dogs with cardiac murmurs due to myxomatous mitral valve disease. 
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The P-wave represents the depolarization activity of both atria. In people, the P-
wave is usually biphasic in the right precordial lead (V1). The terminal part of the P-
wave in lead V1 represents left atrial electrical activity. The product of the duration 
and amplitude of this P-wave terminal portion is called the P-wave terminal force in 
lead V1 (PTFV1), a parameter that has been extensively used in people as the main 
criterion for inference of left atrial enlargement. In people, other electrocardiographic 
markers, such as notched P-waves and prolonged P-wave duration, are considered 
to have a similar predictive value to PTFV1 (Hopkins and Barrett, 1989; Meek and 
Morris, 2002; Hancock et al., 2009).  
In 1964, Morris et al. first presented PTFV1 as an electrocardiographic marker of 
left-sided valvular lesions that could be used to estimate the severity of valvular 
disease. Additionally, they documented PTFV1 in idiopathic myocardial hypertrophy, 
hypertensive vascular disease and subaortic stenosis, and PTFV1 was proposed as a 
diagnostic surrogate for left-sided heart diseases as a whole (Morris et al., 1964). 
Over the years, there have been numerous studies assessing PTFV1 as a predictor 
of left atrial size and function in people with structural heart diseases, such as mitral 
or aortic valve disease (Hopkins and Barrett, 1989; Hazen et al., 1991; Elbey et al., 
2012; Win et al., 2015).  PTFV1 has also been investigated in other cardiovascular 
diseases, i.e. myocardial infarction, atrial fibrillation and ischemic stroke as a 
predictor of clinical deterioration, development of related diseases, relapse, or even 
cardiac death (Lui et al., 2013; Kamel et al., 2015; Tanoue et al., 2016; Goda et al., 
2017). Currently, PTFV1 is regarded as the main electrocardiographic marker of left 
atrial abnormalities in people (Hancock et al., 2009).  
Human Cardiology uses the Wilson precordial lead system, which positions lead 
V1 at the level of the right fourth sternal margin. Using that position, the P-wave is 
usually diphasic, while right ventricular depolarization is reflected by a deep negative 
S wave (Rajaganeshan et al., 2008). In veterinary medicine, there have been various 
proposed precordial lead systems with the right precordial lead positioned mainly at 






produces a tall R wave with a short S wave (Takahashi and Kita, 1964; Detweiler and 
Patterson, 1965; Kraus et al., 2002). Recently, a new location for V1 has been 
proposed in dogs, at the level of the costochondral junction of the first intercostal 
space. In this position, there is a negative P-wave with a R/S ratio <1 for most 
patients regardless of the thoracic conformation of the dog. Consequently, 
characteristics of lead V1 at the first costochondral junction in dogs would resemble 
the lead V1 characteristics in people (Santilli et al., 2019).  
In veterinary medicine, the most widely used electrocardiographic markers of 
atrial morphology and electrophysiology are P-wave duration and amplitude (Tilley et 
al., 2008; Santilli et al., 2018). Other P-wave parameters have been investigated in 
animals, including P-wave dispersion (Noszczyk-Nowak et al., 2011; Dittrich et al., 
2018), P-wave mean electrical axis, Macruz index and P-wave area (Soto-Bustos et 
al., 2017). However, at least to our knowledge, there are no major studies 
investigating PTFV1 in veterinary medicine, despite its importance in analysis of left-




The aim of this study was four-fold: (1) to investigate whether PTF may be 
identified in healthy adult dogs and in dogs with different stages of MMVD; (2) to 
evaluate whether a correlation exists between PTF and echocardiographic 
surrogates of cardiac remodeling and function; and (3) to compare the performance 
of PTF with other P-wave indices, including P-wave duration, P-wave area, Cornell 
product, and P-wave axis; (4) to determine which location of lead V1 provides the 
most reliable identification of PTF. 
 









This prospective cross-sectional observational study included a control group 
and a group of dogs with MMVD at different stages. The latter were classified 
according to the consensus statement proposed by the American College of 
Veterinary Internal Medicine (ACVIM) (Keene et al., 2019). Dogs in the control group 
were considered healthy based on an unremarkable history, physical examination, 9-
lead electrocardiogram and transthoracic echocardiography. Dogs in the study group 
were recruited at a Veterinary Teaching Facility and underwent a thorough history 
and physical examination. Laboratory examinations included at least: a complete 
blood count, serum biochemistry and urinalysis. Additionally, three-view thoracic 
radiographs were obtained as required by the resident in charge. Transthoracic 
echocardiography and 9-lead electrocardiography were obtained at least once in 
every patient to confirm MMVD as the main morbidity.  
Dogs meeting exclusion criteria: comorbidities that could potentially alter 
echocardiographic or electrocardiographic parameters (such as endocrine and 
neoplastic diseases), local or systemic infections, moderate or severe hepatic 
disease, were excluded from the study. Likewise, dogs in both control and MMVD 
groups were excluded if they showed: presence of congenital heart diseases, any 
degree of aortic insufficiency, or heart diseases that could directly or indirectly affect 
the mitral valve (dilated cardiomyopathy, infective endocarditis). Similarly, dogs with 
arrhythmias that could alter P-wave morphology (atrial premature complexes, atrial 
fibrillation, junctional complexes, junctional tachycardia, atrial standstill), as well as 




A single operator performed all echocardiographic examinations using an 
ultrasound machine1 equipped with 4-2, 8-3 and 12-4 MHz phased array transducers 
and simultaneous electrocardiographic recording. All dogs were gently restrained in 
lateral recumbency during the echocardiographic examination. Qualitative evaluation 
_______________  
 






of mitral valve thickness and presence of mitral regurgitation was made from left 
parasternal four-chamber apical and right parasternal long axis four-chamber views. 
Pulsed wave Doppler evaluation of transmitral flow (E wave, A wave and E/A ratio) at 
the opening of the mitral valve and tissue Doppler evaluation (E’ wave, A’ wave and 
E’/A’ ratio) at the septal or lateral mitral annulus insertion were performed from the 
left parasternal apical four-chamber view. MMVD was diagnosed on the presence of 
a thickened mitral valve with some degree of regurgitation, and sometimes mitral 
valve prolapse. Using right parasternal short axis images, the M-mode edge-to-edge 
technique was used to measure the septal and free wall thickness and the left 
ventricular diameter in both systole and diastole. Fractional shortening and ejection 
fraction were also calculated. Three M-mode measurements were obtained and 
averaged for each parameter. Left atrium-to-aorta ratio (LA/Ao) was obtained at the 
first frame after aortic valve closure as previously described (Rishniw and Erb, 2000). 
Diastolic and systolic left ventricular internal diameter dimensions (LVIDd and LVIDs, 
respectively) were normalized using the formulae LVIDd(cm)/(BW (kg))0.294 and 




Electrocardiographic evaluation2 was performed with the patient in right lateral 
recumbency with four leads in the frontal plane and three unipolar leads recording 
simultaneously from three different positions for V1. The first unipolar lead was 
located in the first intercostal space at the level of the costochondral junction (1CCJ); 
the second unipolar lead was positioned in the third intercostal space at the level of 
the costochondral junction (3CCJ); while the third unipolar lead was located in the 
fifth intercostal space at the level of the sternochondral junction (5ECJ). A three-
minute ECG recording was performed in each dog. PTFV1 was calculated as the 
algebraic product of the amplitude in millivolts (mV) and duration in milliseconds (ms) 
of the deflection formed by the prolongation of the second half of the P-wave at the 
three precordial V1 locations used in this study. For every patient, five PTFV1 values 
_______________  
 






(ms.mV) were calculated and averaged for each V1 positioning. In patients in which a 
wandering pacemaker was documented, the three highest and the three lowest P-
wave amplitudes were measured and then averaged to obtain a single P-wave 
amplitude at each V1 positioning. Whenever varying P-wave durations were 
observed, five P-wave duration values were measured and averaged to obtain the 
duration value for each position of the V1 lead. The final P-wave duration and 
amplitude for each V1 lead position was used to calculate the P-wave voltage-
duration product and P-wave area. The P-wave voltage-duration product was 
calculated as the algebraic product of P-wave amplitude and duration (Molloy et al., 
1992), while P-wave area was obtained using the formula: [P-wave amplitude x 1/2P-
wave duration] (Zeng et al., 2003). The P-wave axis was calculated for each patient 
from P-wave amplitudes documented in leads I and aVF (Li et al., 2014). Lastly, 
mean heart rate, heart rhythm and QRS mean electrical axis were recorded for every 
patient. Prior to measurements, ECG tracings were enlarged using the zoom option 
for better visualization of electrocardiographic waves. 
 
2.4 STATISTICAL ANALYSIS 
 
Normality of all groups of data was assessed using the Shapiro Wilk test. Data 
was expressed as median with interquartile range. In order to make comparisons 
between two groups of data, the T test was used for parametric values, while the 
Mann-Whitney test was used for non-parametric values. Similarly, to make 
comparisons between three or more groups of data, the one-way ANOVA test was 
used for parametric data, whereas the Kruskall-Wallis test was used for non-
parametric data. Tukey’s post-hoc test was used after ANOVA test and Dunn’s post-
hoc test after Kruskall-Wallis analysis. Correlation analyses were performed with 
Pearson test for parametric data and Spearman test for non-parametric data. Cut-off 
values with the best combination of sensitivity and specificity values were obtained 
for the five electrocardiographic parameters evaluated in this study using receiver 
operator curve (ROC) analysis. Chi-square test was used to assess association 






analyses, the significance was set at 0.05. Statistical tests were performed with 




A total of 47 healthy dogs (25 female and 22 male) with a median age of four 
years (IQR, 3) and median weight of 12 kg (IQR, 10.1), and 74 MMVD dogs (41 
female and 33 male) with median age of 11 years (IQR, 4) and a median weight of 
6.8 kg (IQR, 6.5) were enrolled in the study. A variety of breeds were represented, 
including: Yorkshire terrier (n=14), Poodle (n=10), Dachshund (n=8), Shih-tzu (n=7), 
Whippet (n=5), German Shepherd (n=4), Lhasa Apso (n=4), Chihuahua (n=3), 
Miniature Pinscher (n=3), Schnauzer (n=3), Border Collie (n=2), French Bulldog 
(n=2), Pug (n=2), Shetland Sheepdog (n=2), as well as Akita, Beagle, English Cocker 
Spaniel, Golden Retriever, Labrador Retriever, Mallinois, Maltese and Spitz (one 
each). There were also 44 mixed-breed dogs. Pure-breed dogs included 15 
brachymorphic, 40 mesomorphic and 22 dolichomorphic animals. Table 1 shows the 
characteristics of the studied population. Sinus arrhythmia was the predominant 
cardiac rhythm (30 healthy and 60 MMVD dogs), followed by sinus tachycardia (8 
healthy and 9 MMVD) and sinus rhythm (1 healthy and 5 MMVD dogs).  
As shown in Table 2, frequency of detection of PTF was similar at the three V1 
intercostal locations for control dogs, whilst for MMVD patients, frequency of 
detection was better at 1CCJ and 3CCJ locations when compared to the 5ECJ 
location (p=0.0024). The polarity of P-wave is shown in Table 3. In both 1CCJ and 
3CCJ locations, the P-wave was negative for almost all dogs. This meant that PTF 
was the positive deflection at the end of the negative P-wave (Figure 1). When the 
5ECJ location was used, although most P-waves were positive, some other P-wave 
forms were also documented (negative, biphasic and mixed). Despite heart rate, age 
and sex did not affect PTF, the results obtained from the 1CCJ location were 
correlated with body weight (r= 0.2397; p=0.0397). 
_______________  
 






Results of all P-wave parameters obtained from healthy and MMVD dogs (B1, B2 
and C+D) are shown in Table 4. All ECG parameters in the control and B1 groups 
had statistical difference between at least one V1 location (p<0.05). Conversely, B2 
and C+D groups showed no statistical difference between the three V1 locations for 
any ECG parameter, except for PTF (p>0.05).  
Sensitivity and specificity analysis were performed to investigate whether P-wave 
indices would differentiate healthy and diseased dogs (Table 5). For 1CCJ and 3CCJ 
locations, the higher the cut-off value of P-wave duration, P-wave area and Cornell 
product, the higher the specificity and the lower the sensitivity. Conversely, these 
three ECG parameters at the 5ECJ location showed decreasing cut-off values as the 
specificity increased and the sensitivity decreased.  
To differentiate control from MMVD dogs, the highest areas under the curves 
were calculated for P-wave area or Cornell product obtained from 3CCJ recordings 
(0.7234 and 0.7238, respectively; p<0.0001). Nonetheless, P-wave duration obtained 
from the 3CCJ produced the best sensitivity-specificity combination (71.6% and 
65.9%, respectively), while PTF and P-wave axis failed to differentiate control and 
MMVD dogs. With the exception of the P-wave axis, better results were found when 
P-wave indices were used to differentiate control from MMVD dogs with remodeling 
(B2, C+D). The highest areas under the curve values were calculated for P-wave 
area and Cornell product obtained from the 3CCJ (0.8249 and 0.8249; p<0.0001), 
while the best combination of sensitivity and specificity was found for the latter (75 
and 70.2%, respectively) (Figure 2). For PTFV1, the best AUC to differentiate control 
from remodeled MMVD dogs was obtained from 1CCJ (0.6720; p= 0.0184) and 3CCJ 
(0.6933; p= 0.0081) locations (Figure 2; Table 5).  
Receiver operating characteristics curves were constructed to investigate the 
ability of P-wave parameters to differentiate MMVD dogs with and without left atrial 
remodeling (B1 vs. B2+C+D) as well as asymptomatic and symptomatic MMVD dogs 
(B1+B2 vs. C+D). These groups could only be distinguished using P-wave area 
(AUC=0.6733; p=0.0157) or P-wave duration (AUC=0.6992; p=0.0050) obtained from 






produced the best AUC for distinguishing between asymptomatic and symptomatic 
dogs (AUC=0.661; p= 0.0270). 
Only P-wave duration and PTF correlated with echocardiographic surrogates of 
cardiac dilation and congestion. When measurements were made from 1CCJ ECG 
recordings in MMVD dogs, PTF was significantly correlated with LA/Ao ratio 
(r=0.2700; p=0.0200), LVIDd (r=0.3803; p=0.0008), NLVIDd (r=0.3196; p=0.0055) 
and E wave (r=0.2798; p= 0.0157) (Figure 3). Likewise, PTF obtained from 3CCJ 
recordings also correlated significantly with LA/Ao ratio (r=0.2345; p=0.0443), LVIDd 
(r=0.2743; p=0.0180), NLVIDd (r=0.2419; p=0.0379) and E wave (r=0.2829; 
p=0.0146).  
For P-wave duration, significant correlations existed with LVIDd (r=0.4939; 
p<0.0001), NLVIDd (r=0.4067; p=0.0003), LVIDs (r=0.3820; p=0.0008), NLVIDs 
(r=0.3471; p=0.0024), E wave (r=0.2689; p=0.0205) and E wave/IVTR ratio 
(r=0.2630; p=0.0236) when measurements were obtained from 1CCJ. When 3CCJ 
was used instead, P-wave duration correlated significantly with all echocardiographic 
parameters, i.e. LA/Ao ratio (r=0.2384; p=0.0408), LVIDd (r=0.5113; p<0.0001), 
NLVIDd (r=0.4592; p<0.0001), LVIDs (r=0.4512; p<0.0001), NLVIDs (p=0.0002 
r=0.4219), E wave (r=0.3614; p=0.0016), and E wave/IVTR ratio (r=0.3748; p=0.001) 
(Figure 4). In contrast, when using 5ECJ ECG recordings, P-wave duration correlated 
significantly with only LVIDd (r=0.3257; p=0.0052) and LVIDs (r=0.2695; p=0.0220). 
For P-wave axis, significant correlations were identified with LA/Ao ratio (r=0.2294; 
p=0.0493), E wave (r=0.2636; p=0.0232) and E wave/IVRT (r=0.2457; p=0.0349). 
None of the other ECG parameters obtained from any V1 location correlated with the 




The P-wave terminal force (PTF) obtained from lead V1 ECG recordings is the 
most reliable electrocardiographic marker of left atrial morbidities in human 
cardiology (Hazen et al., 1991; Hancock et al., 2009). In this study, we investigated 






echocardiographic measurements of left atrial enlargement and left-sided congestion. 
Additionally, we studied four other electrocardiographic parameters: P-wave duration, 
P-wave area, P-wave Cornell product and P-wave axis. 
In people, the precordial lead V1 is characterized by a QRS complex of 
consistent rS pattern (R wave/S wave<1). The deep S wave represents right 
ventricular depolarization (Levy et al., 1950). A recent study of the three dog 
morphotypes, showed that the locations in the first and third intercostal spaces at the 
level of the costochondral junction were the most similar to the precordial lead V1 in 
people (Santilli et al., 2019). In our study, positioning the precordial lead V1 in the first 
and third intercostal spaces usually resulted in negative P waves (Table 3), which is 
consistent with previous studies (Takahashi and Kita, 1964; Santilli et al., 2019). 
Notably, the P-wave in the precordial lead V1 is biphasic in people, with the first wave 
positive and the second wave negative (Meek and Morris, 2002). This is a significant 
difference between species. Locating lead V1 in the fifth intercostal space (the 
modified Lannek precordial lead system) tested the use of one of the most commonly 
used precordial lead system in dogs (Detweiler and Patterson, 1965; Tilley et al., 
2008) to detect PTF. Consistent with findings of other studies (Takahashi and Kita, 
1964; Santilli et al., 2019) the fifth intercostal space showed greater variation in P-
wave morphologies (negative, positive, biphasic, mixed and absent) than 1CCJ and 
3CCJ. 
These inter and intra species variations in P-wave morphology can be 
understood by comparing the mean vector of atrial activation of man and dog and by 
analyzing the distribution of electrical potentials on the body surface of the dog. In 
man the direction of the mean vector of atrial activation follows an inferior, anterior 
and leftward pattern (Selvester and Haywood, 1968), whilst in the dog it has an 
inferior, posterior and leftward pattern (Santilli et al., 2018). In the dog the thoracic 
limit where the negative and positive electrical potentials are equal is called the 
transitional zone, and goes upward across the thorax from the left side at the level of 
the costochondral junction of the second rib, to the right side at the level of the 
costochondral junction of the fifth rib (Takahashi and Kita; 1964). The electrical 






potential across this border tend to be biphasic. Consequently, P-wave and QRS 
complexes cranial to the transitional zone are predominantly negative in the dog 
(Takahashi and Kita; 1964). It is worth mentioning that previous research found that 
thoracic conformation, such as brachymorphism, influences P-wave measurements. 
P-wave amplitude and duration differed in brachymorphic dogs from those obtained 
from mesomorphic and dolichomorphic dogs at the 3CCJ and 5ECJ locations (Santilli 
et al., 2019). 
According to experimental studies in dogs, the negative P-wave on precordial 
leads represents right atrial depolarization (Takahashi and Kita, 1964). Nonetheless, 
it is also stated that the final part of the P-wave represents left atrial depolarization in 
this species (Santilli et al., 2018). In people, PTF is the area between the baseline 
and the negative wave of the biphasic P-wave (Morris et al., 1964). Based on this 
information, in this study we characterized PTFV1 as the positive deflection following 
the end of the negative P-wave in either lead V1 location.  
In people, Morris et al. (1964) found that PTF values of -1 mm (-0.1 mV) and 0.04 
s (40 ms), i.e. -0.04 mm.s (4 mV.ms), had 92% sensitivity for the presence of left-
sided valvular heart disease. Their study included heart diseases with varying 
degrees of insufficiency and stenosis of the mitral and/or aortic valves. In our study, 
none of the tested V1 locations was able to accurately distinguish control from MMVD 
dogs in the logistic regression analysis (Table 5). However, when only dogs with left 
atrial enlargement were considered, the 1CCJ location offered an AUC=0.6720 
(p=0.0184) for PTF1 values >1.49 mV.ms (best combination of sensitivity and 
specificity, 62.5% and 76.6%, respectively), while the 3CCJ location produced an 
AUC= 0.6933 (p= 0.0081) for PTFV1 values >1.75 mV.ms (best combination of 
sensitivity and specificity, 62.5% and 74.47%, respectively). Interestingly, increasing 
the PTF cut-off value resulted in higher specificity and lower sensitivity. Studies of 
PTF in man also produced better specificities than sensitivities for detection of left 
atrial enlargement (Chirife et al., 1975; Hopkins and Barrett, 1989; Hazen et al., 
1991).  Remarkably, our study found that both the 1CCJ and 3CCJ locations reached 






LA/Ao ratio, LVID, NLVIDd and E wave correlated with PTF. In people, 
correlation values between left atrial size and PTFV1 are also positive (Miller et al., 
1983; Hopkins and Barrett, 1989; Elbey et al., 2012). In dogs with MMVD, LA/Ao ratio 
values >1.6 are indicative of left atrial enlargement (Rishniw and Erb, 2000) and 
predict cardiac mortality (Sargent et al., 2015). LVIDd and NLVIDd, which are 
surrogates for left ventricular dilatation (Cornell et al., 2004), also correlated with 
PTF. In dogs with MMVD, an NLVIDd ≥1.7 has been associated with rapid disease 
progression, development of congestive heart failure and cardiac-related death 
(Hezzell et al., 2012; Kim and Park, 2015; Sargent et al., 2015). Similarly, human 
patients with mitral insufficiency have increased PTF and LVIDd values (Elbey et al., 
2012). A study in people with mitral regurgitation found LVIDd to be the only 
independent predictor of an accelerated increase of mitral regurgitation over time 
(Suri et al., 2011). The E wave is part of the mitral inflow profile and is influenced by 
a variety of factors, including ventricular systolic pressure, myocardial relaxation rate 
and left atrial pressure (Choong et al., 1988). In our study, E wave correlated with 
PTF. In dogs with MMVD, E wave velocity rises due to the increase in left atrial 
pressure secondary to mitral insufficiency (Kim and Park, 2015). In people, left atrial 
pressure correlated with P-wave terminal force (Boswood et al., 2016). Human 
studies showed that the frequency of detection of PTF was highest in patients with 
moderate and significant mitral regurgitation (Elbey et al., 2012). 
The fact that PTFV1 is the most reliable electrocardiographic marker of left-sided 
valvular lesions in man has a vectorial explanation. The axis of lead V1 and the vector 
that originates the second half of P-wave are both in the horizontal plane and are 
almost parallel, which causes no negative terminal force in healthy people (Morris et 
al., 1964). Conversely, left-sided valvular lesions deviate the referred vector 
posteriorly, which causes a deep negative deflection at the end of P-wave in lead V1 
(Morris et al., 1964). In the frontal plane, there is no coincidence of any lead axis with 
the vector that represents left atrial depolarization (Morris et al., 1964). 
The recently proposed 1CCJ location for precordial lead V1 in healthy dogs was 
considered the most appropriate positioning since it evaluated the best right 






precordial lead V1 in people (Santilli et al., 2019). However, that research did not 
provide information on how parallel the vector of left atrial depolarization is to the axis 
of the 1CCJ location. To the author’s knowledge, there is no information regarding 
how the vector of left atrial depolarization is shifted by left-sided valvular diseases in 
the dog to create PTF. Despite this, the higher PTF values documented in MMVD 
dogs with left atrial enlargement (increased LA/Ao ratio) in comparison to control 
dogs suggest the existence of a similar relationship between the 1CCJ lead axis and 
the vector of atrial depolarization in this species.  
In veterinary (Tilley et al., 2008; Santilli et al., 2018) and human (Faggiano et al., 
1997; Ariyarajah et al., 2005) medicine, increased P-wave duration in the frontal 
leads is associated with left atrial overload and may coincide with left atrial 
enlargement. In this study, we evaluated P-wave duration in three locations of the 
precordial lead V1. P-wave duration was the best ECG surrogate for differentiation 
between controls and MMVD dogs with remodeling (Table 5). The best combination 
of sensitivity and specificity (95.83% and 65.96%, respectively) was documented 
from 3CCJ ECG recordings (P-wave duration >41.5; AUC=0.8027; p<0.0001). 
Another study found that a P-wave duration >40 ms in frontal lead II has a  combined 
sensitivity and specificity of 68 and 64%, respectively, for detection of left atrial 
enlargement (Savarino et al., 2012). In our study, a correlation was indeed 
demonstrated between P-wave duration and LA/Ao ratio in MMVD dogs with dilated 
LA. Other studies have also demonstrated correlations between lead II P-wave 
duration and LA/Ao ratio in dogs (Savarino et al., 2012; Soto-Bustos et al., 2017).  
When using Cornell product to differentiate healthy and MMVD dogs with dilated 
LA, the best combination of sensitivity and specificity was obtained from 3CCJ ECG 
recordings (table 5). Cornell product values >3.7 ms.mV were shown to identify left 
atrial enlargement (LA/Ao ≥1.6) with a 75% sensitivity and 70.2% specificity 
(AUC=0.8249; p<0.0001). In man, Cornell product applied to the QRS complex 
significantly improves sensitivity of detection of left ventricular hypertrophy over QRS 
duration or amplitude alone (Molloy et al., 1992) and is considered as an 







P-wave area was also satisfactory in distinguishing control from remodeled 
MMVD dogs in our study. In people, P-wave area is considered a marker of left atrial 
abnormalities (Hancock et al., 2009; Weinsaft et al., 2014). A P-wave area >4 ms.mV 
was shown to accurately identify left atrial enlargement in patients with mitral 
stenosis. Moreover, a correlation was found between left atrial diameter and P-wave 
area (Zeng et al., 2003). In dogs with MMVD in this study, P-wave area (3CCJ) >2.2 
ms.mV produced the best combination of sensitivity (62.5%) and specificity (85.11%) 
for detection of left atrial dilatation (AUC=0.8249; p<0.0001). Curiously, it did not 
correlate with any of the echocardiographic parameters. A previous study also found 
a difference between P-wave areas in healthy and MMVD dogs with left atrial 
enlargement. Similarly, that study reported a low correlation coefficient between P-
wave area values and LA/Ao ratios (Soto- Bustos et al., 2017).  
P-wave axis was the least useful ECG parameter for the purposes of this study. 
Even though it could be used to differentiate control and MMVD dogs as well as 
asymptomatic and symptomatic MMVD dogs, the calculated AUC were lower than 
those produced for other ECG parameters. Moreover, no correlations between P-
wave axis and echocardiographic surrogates of cardiac remodeling were 
documented. Normal P-wave axis reference values vary between +90° to -20° for 
dogs (Santilli et al., 2018). In our study, P-wave axis values for all dogs were within 
that normal range (Table 4). Another study with MMVD dogs found a mild correlation 
between P-wave axis and LA/Ao ratio (R=0.129; p<0.01), but left atrial enlargement 
could not be identified using the P-wave axis. In comparison to our research, that 
study showed larger P-wave axis alterations, even though only B1 and B2 dogs were 
enrolled (Soto-Bustos et al., 2017). In contrast, P-wave axis <30° in people is 
regarded as highly specific for left atrial enlargement (Li et al., 2014), and studies in 
human patients with heart diseases showed a higher cardiac mortality among 
patients with abnormal P-wave axis (Tsao et al., 2008). 
In medicine, a study which investigated electrocardiographic surrogates of left 
atrial dilatation obtained from precordial lead V1 (P-wave area, P-wave duration, P-
wave amplitude and P terminal force) found positive correlations with the left atrial 






Interestingly, studies that demonstrate the usefulness of P-wave parameters 
obtained from precordial leads recordings to investigate left atrial dilatation in dogs 
with MMVD are lacking in veterinary medicine. This makes our data unique and might 
facilitate the triage of dogs found to have a cardiac murmur at physical examination. 
Electrocardiography has widely known limitations as a marker of cardiac 
morbidities, mainly due to its high specificity along with poor sensitivity in both people 
(Hazen et al., 1991; Tsao et al., 2008) and dogs (Noszczyk-Nowak et al., 2011; Soto-
Bustos et al., 2017). In the present study, the five ECG parameters studied had those 
same limitations. This is not surprising since parameters such as: inter-atrial 
conduction abnormalities (Petersson et al., 2014), intra-atrial volume and pressure 
(Kasser and Kennedy, 1969), and even levels of mental stress (O’Neal et al., 2017) 
may alter P-wave duration, amplitude, or both, notwithstanding the presence or 




We acknowledge the limitations of this study. Firstly, the sample size of dogs with 
left atrial enlargement was smaller than that of stage B1 and control dogs. Likewise, 
the role played by thoracic conformation in the ECG parameters assessed in this 
study was not investigated. Also, we recognize that the positioning of precordial lead 
V1 might have been imprecise in some patients due to either difficulty in palpating the 
ribs or a restless patient. More importantly, we cannot completely rule out the 
possibility that some electrocardiographic artifact might have been interpreted as a 
deflection. However, we made an effort to discard all electrocardiographic tracings of 
poor quality. Lastly, all measurements of the study were performed by an investigator 




In dogs, P-wave terminal force can be best documented in the 1CCJ and 3CCJ 






people. P-wave terminal force, P-wave duration, P-wave area and P-wave Cornell 
product obtained from lead V1 ECG recordings may help identify dogs with left atrial 






























Ariyarajah V, Mercado K, Apiyasawat S, Puri P, Spodick DH. Correlation of left atrial 
size with P-wave duration in interatrial block. Chest. 2005;128(4):2615–8.  
 
Boswood A, Häggström J, Gordon SG, Wess G, Stepien RL, Oyama MA, et al. Effect 
of Pimobendan in Dogs with Preclinical Myxomatous Mitral Valve Disease and 
Cardiomegaly: The EPIC Study—A Randomized Clinical Trial. J Vet Intern Med. 
2016;30:1765–79.  
 
Chirife R, Feitosa GS, Frankl WS. Electrocardiographic detection of left atrial 
enlargement. Correlation of P wave with left atrial dimension by echocardiography. Br 
Heart J. 1975;37:1281–5.  
 
Choong CY, Abascal VM, Thomas JD, Luis Guerrero J, McGlew S, Weyman AE. 
Combined influence of ventricular loading and relaxation on the transmitral flow 
velocity profile in dogs measured by Doppler echocardiography. Circulation. 
1988;78(3):672–83.  
 
Cornell CC, Kittleson MD, Torre P Della, Häggström J, Lombard CW, Pedersen HD, 
et al. Allometric Scaling of M-Mode Cardiac Measurements in Normal Adult Dogs. J 
Vet Intern Med. 2004;18:311–21.  
 
Detweiler DK, Patterson DF. The prevalence of cardiovascular disease in dogs. ann 
n y acad sci. 1965;127:481–516.  
 
Dittrich G, Campos GMV der B, Sousa MG, Oliveira ST. P wave dispersion in obese 
dogs with and without mitral valve disease. Ciência Rural. 2018;48(10):1–8.  
 
Elbey MA, Oylumlu M, Akil A, Demirtas S, Ertas F, Erdogan E, et al. Relation of 
interatrial duration and p wave terminal force as a novel indicator of severe mitral 






Faggiano P, D’Aloia A, Zanelli E, Gualeni A, Musatti P, Giordano A. Contribution of 
left atrial pressure and dimension to signal-averaged P-wave duration in patients with 
chronic congestive heart failure. Am J Cardiol. 1997;79:219–22.  
 
Goda T, Sugiyama Y, Ohara N, Ikegami T, Watanabe K, Kobayashi J, et al. P-Wave 
Terminal Force in Lead V1 Predicts Paroxysmal Atrial Fibrillation in Acute Ischemic 
Stroke. J Stroke Cerebrovasc Dis. 2017;26(9):1912–5.  
 
Hancock W, Deal BJ, Mirvis DM, Okin P, Kligfield P, Gettes LS. Recommendations 
for the Standardization and Interpretation of the Electrocardiogram. J Am Coll 
Cardiol. 2009;53(11):992–1002.  
 
Hazen MS, Marwick TH, Underwood DA. Diagnostic accuracy of the resting 
electrocardiogram in detection and estimation of left atrial enlargement: An 
echocardiographic correlation in 551 patients. Am Heart J. 1991;122(3 part 1):823–8.  
 
Hezzell MJ, Boswood A, Moonarmart W, Elliott J. Selected echocardiographic 
variables change more rapidly in dogs that die from myxomatous mitral valve 
disease. J Vet Cardiol. 2012;14:269–79.  
 
Hopkins CB, Barrett Jr O. Electrocardiographic diagnosis of left atrial enlargement. 
Role of the P terminal force in lead V1. J Electrocardiol. 1989;22(4):359–63.  
 
Kamel H, O’Neal WT, Okin PM, Loehr LR, Alonso A, Soliman EZ. 
Electrocardiographic left atrial abnormality and stroke subtype in the atherosclerosis 
risk in communities study. Ann Neurol. 2015;78(5):670–8.  
 
Kasser I, Kennedy JW. The relationship of increased left atrial volume and pressure 







Keene BW, Atkins CE, Bonagura JD, Fox PR, Häggström J, Luis-Fuentes V, et al. 
ACVIM consensus guidelines for the diagnosis and treatment of myxomatous mitral 
valve disease in dogs. J Vet Intern Med. 2019;1–14.  
 
Kim JH, Park HM. Usefulness of Conventional and Tissue Doppler Echocardiography 
to Predict Congestive Heart Failure in Dogs with Myxomatous Mitral Valve Disease. J 
Vet Intern Med. 2015;29:132–40.  
 
Kraus MS, Moïse NS, Rishniw M, Dykes N, Erb HN. Morphology of ventricular 
arrhythmias in the boxer as measured by 12-lead electrocardiography with pace-
mapping comparison. J Vet Intern Med. 2002;16(2):153–8. 
 
Levy L, Jacobs HJ, Chastant HP, Strauss HB. Prominent R wave and shallow S 
wave in Lead V1 as a result of lateral myocardial infarction. Am Heart J. 
1950;40(3):447–52.  
 
Li Y, Shah AJ, Soliman EZ. Effect of electrocardiographic p-wave axis on mortality. 
Am J Cardiol. 2014;113:372–6. 
 
Liu G, Tamura A, Torigoe K, Kawano Y, Shinozaki K, Kotoku M, et al. Abnormal P-
wave terminal force in lead V1 is associated with cardiac death or hospitalization for 
heart failure in prior myocardial infarction. Heart Vessels. 2013;28:690–5.  
 
Meek S, Morris F. ABC of clinical electrocardiography: Introduction. II---Basic 
terminology. Br Med J. 2002;324(7335):470–3.  
 
Miller DH, Eisenberg RR, Kligfield PD, Devereux RB, Casale PN, Phillips MC. 








Molloy TJ, Okin PM, Devereux RB, Kligfield P. Electrocardiographic Detection of Left 
Ventricular Hypertrophy by the Simple QRS Voltage-Duration Product. J Am Coll 
Cardiol. 1992;20(5):1180–6.  
 
Morris Jr JJ, Estes Jr EH, Whalen RE, Thompson Jr HK, McIntosh HD. P-Wave 
Analysis in Valvular Heart Disease. Circulation. 1964;29:242–52.  
 
Noszczyk-Nowak A, Szalas A, Paslawska U, Nicpon J. Comparison of P-wave 
dispersion in healthy dogs, dogs with chronic valvular disease and dogs with 
disturbances of supraventricular conduction. Acta Vet Scand. 2011;53(18):1–6.  
 
O’Neal WT, Hammadah M, Sandesara PB, Almuwaqqat Z, Samman-Tahhan A, 
Gafeer MM, et al. Association between acute mental stress and abnormal left atrial 
electrophysiology. J Cardiovasc Electrophysiol. 2017;00:1–7.  
 
Petersson R, Berge HM, Gjerdalen GF, Carlson J, Holmqvist F, Steine K, et al. P-
wave morphology is unaffected by atrial size: A study in healthy athletes. Ann 
Noninvasive Electrocardiol. 2014;19(4):366–73.  
 
Rajaganeshan R, Ludlam CL, Francis DP, Parasramka S V, Sutton R. Accuracy in 
ECG lead placement among technicians, nurses, general physicians and 
cardiologists. Int J Clin Pract. 2008;62(1):65–70.  
 
Rishniw M, Erb HN. Evaluation of Four 2-Dimensional Echocardiographic Methods of 
Assessing Left Atrial Size in Dogs. J Vet Intern Med. 2000;14:429–35.  
 
Santilli R, Moïse NS, Pariaut R et al. Chamber enlargement. In: Santilli R, Moïse NS, 
Pariaut R et al., eds. Electrocardiography of the dog and the cat. 2nd ed. Trento: 







Santilli R, Moïse NS, Pariaut R et al. Formation and interpretation of the 
electrocardiographic waves. In: Santilli R, Moïse NS, Pariaut R et al., eds. 
Electrocardiography of the dog and the cat. 2nd ed. Trento: Edra S.p.A, 2018; 35-69.  
 
Santilli R, Moïse NS, Pariaut R et al. Supraventricular beats and rhythms. In: Santilli 
R, Moïse NS, Pariaut R et al., eds. Electrocardiography of the dog and the cat. 2nd 
ed. Trento: Edra S.p.A, 2018; 132-144.  
 
Santilli RA, Porteiro-Vázquez DM, Gerou-ferriani M, Lombardo SF, Perego M. 
Development and assessment of a novel precordial lead system for accurate 
detection of right atrial and ventricular depolarization in dogs with various thoracic 
conformations. Am J Vet Res. 2019;80(4):358–68.  
 
Sargent J, Muzzi R, Mukherjee R, Somarathne S, Schranz K, Stephenson H, et al. 
Echocardiographic predictors of survival in dogs with myxomatous mitral valve 
disease. J Vet Cardiol. 2015;17(1):1–12.  
 
Savarino P, Borgarelli M, Tarducci A, Crosara S, Bello NM, Margiocco ML. 
Diagnostic performance of P wave duration in the identification of left atrial 
enlargement in dogs. J Small Anim Pract. 2012;53:267–72.  
 
Selvester RH, Haywood LJ. High Gain , High Frequency in Normal Subjects and in 
Patients with Atrial Enlargement. Am J Cardiol. 1968;24:8–17.  
 
Soto-Bustos Á, Caro-Vadillo A, Martínez-de-Merlo E, Alonso-alegre EG. Diagnostic 
accuracy of electrocardiographic P wave related parameters in the assessment of left 
atrial size in dogs with degenerative mitral valve disease. J Vet Med Sci. 
2017;79(10):1682–9.  
 
Suri RM, Aviernos J-F, Dearani JA, Mahoney DW, Michelena HI, Schaff H V, et al. 
Management of less-than-severe mitral regurgitation: Should guidelines recommend 






Takahashi M, Kita T. Experimental studies on the electrocardiogram of the dog. 
Japanese J Vet Sci. 1964;24:191–210.  
 
Tanoue MT, Kjeldsen SE, Devereux RB, Okin PM. Relationship between abnormal 
P-wave terminal force in lead V1 and left ventricular diastolic dysfunction in 
hypertensive patients: the LIFE study. Blood Press. 2016;26(2):94–101.  
 
Tilley LP and Smith Jr FWK. Electrocardiography In: Tilley LP, Smith FW, Oyama MA 
et al., eds. Manual of canine and feline cardiology. 4th ed. Missouri: Elsevier Inc, 
2008; 49-77.  
 
Tsao CW, Josephson ME, Hauser TH, O’Halloran TD, Agarwal A, Manning WJ, et al. 
Accuracy of electrocardiographic criteria for atrial enlargement: Validation with 
cardiovascular magnetic resonance. J Cardiovasc Magn Reson. 2008;10:1–7.  
 
Weinsaft JW, Kochav JD, Kim J, Gurevich S, Volo SC, Afroz A, et al. P wave area for 
quantitative electrocardiographic assessment of left atrial remodeling. PLoS One. 
2014;9(6):1–9.  
 
Williams B, Mancia G, Spiering W, Rosei EA, Azizi M, Burnier M, et al. 2018 
ESC/ESH Guidelines for the management of arterial hypertension. Eur Heart J. 
2018;39:3021–3104.  
 
Win TT, Venkatesh BA, Volpe GJ, Mewton N, Rizzi P, Sharma RK, et al. 
Associations of electrocardiographic P-wave characteristics with left atrial function, 
and diffuse left ventricular fibrosis defined by cardiac magnetic resonance: The 
PRIMERI study. Hear Rhythm. 2015;12(1):155–62.  
 
Zeng C, Wei T, Zhao R, Wang C, Chen L, Wang L. Electrocardiographic diagnosis of 
left atrial enlargement in patients with mitral stenosis: The value of the P-wave area. 
Acta Cardiol. 2003;58(2):139–41.  
35
 






















































































































































































































































































































































































































































































































































































































































































































































































TABLE 2 Frequency of PTFV1 detection at each V1 location. 
 
 1CCJ 3CCJ 5ECJ 
Control (n=47) 45 96% 45 96% 42 89% 
B1 (n=50) 48 96% 46 92% 15 30% 
B2 (n=8) 8 100 % 8 100 % 3 38% 
C (n=13)a 12 92% 11 85% 6 50% 
D (n=3)a 2 67% 3 100% 0 0% 
aP-wave terminal force (PTFV1) was not recorded at 5ECJ in one patient. 
B1, B2, C and D indicate the stage of myxomatous mitral valve disease. 
1CCJ: Precordial lead V1 positioned in the first intercostal space at the level 
of the costochondral junction. 3CCJ: Precordial lead V1 positioned in the 
third intercostal space at the level of the costochondral junction. 5ECJ: 



























TABLE 3 Frequency of P-wave polarity at each V1 location. 
 
 1CCJ 3CCJ 5ECJ 
Control (n=47) 47N 43N, 4M 39P, 5N, 3M, 
B1 (n=50) 50N 47N, 2P, 1M 33P, 7M, 6N, 4B 
B2 (n=8) 8N 8N 5P, 2N, 1B 
C (n=13)a 13N 13N 7P, 3B, 1M, 1N 
D (n=3)a 3N 3N 2P 
aP-wave terminal force (PTF) was not recorded at 5ECJ in one patient. P-wave polarity: 
P=positive; N=negative; B=biphasic; M=mixed. B1, B2 C and D indicate the stage of myxomatous 
mitral valve disease. 1CCJ: Precordial lead V1 positioned in the first intercostal space at the level 
of the costochondral junction. 3CCJ: Precordial lead V1 positioned in the third intercostal space at 
the level of the costochondral junction. 5ECJ: Precordial lead V1 positioned in the fifth intercostal 






















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































TABLE 5 Sensitivity and Specificity of five ECG parameters to distinguish between 







 ECG parameter 
V1 lead 











1CCJ 0.5758 0.4739 to 0.6777 > 1.34 56.8 55.3 0.1611 
3CCJ 0.6137 0.5137 to 0.7138 > 1.51 59.5 55.3 0.0354 
5ECJ 0.5761 0.4558 to 0.6964 > 1.26 30.6 85.2 0.2449 
P-wave 
duration 
1CCJ 0.6173 0.5169 to 0.7177 > 45.50 56.8 61.7 0.0300 
3CCJ 0.687 0.5893 to 0.7847 > 41.50 71.6 66.0 0.0005 
5ECJ 0.68 0.5837 to 0.7762 < 60.50 65.3 63.8 0.0009 
P-wave 
area 
1CCJ 0.6318 0.5310 to 0.7327 > 2.04 73.0 53.2 0.0148 
3CCJ 0.7234 0.6299 to 0.8169 > 1.61 79.7 59.6 <0.0001 
5ECJ 0. 6664 0.5689 to 0.7639 < 2.49 55.6 78.7 0.0022 
Cornell 
product 
1CCJ 0.6323 0.5314 to 0.7331 > 4.08 73.0 53.2 0.0144 
3CCJ 0.7238 0.6303 to 0.8173 > 3.21 79.7 59.6 <0.0001 
5ECJ 0.6665 0.5690 to 0.7640 < 4.98 55.6 78.7 0.0022 
P-wave axis 0.6622 0.5615 to 0.7628 < 61.55 75.7 59.6 0.0027 






1CCJ 0.6720 0.5282 to 0.8158 > 1.49 62.5 76.6 0.0184 
3CCJ 0.6933 0.5570 to 0.8295 > 1.75 62.5 74.5 0.0081 
5ECJ 0.6052 0.4423 to 0.7681 > 1.26 36.4 85.2 0.209 
P-wave 
duration 
1CCJ 0.7154 0.5875 to 0.8433 > 46.50 66.7 66.0 0.0031 
3CCJ 0.8027 0.6995 to 0.9060 > 41.50 95.8 66.0 <0.0001 
5ECJ 0.7408 0.6104 to 0.8712 < 55.50 68.2 70.2 0.0013 
P-wave 
area 
1CCJ 0.6928 0.5518 to 0.8338 > 2.18 75.0 59.6 0.0082 
3CCJ 0.8249 0.7300 to 0.9198 > 2.225 62.5 85.11 <0.0001 
5ECJ 0.6954 0.5565 to 0.8342 < 2.98 72.7 61.7 0.0093 
Cornell 
product 
1CCJ 0.6933 0.5523 to 0.8342 > 4.35 75.0 59.6 0.0081 
3CCJ 0.8249 0.7300 to 0.9198 > 3.70 75.0 70.2 <0.0001 
5ECJ 0.6958 0.5571 to 0.8346 < 5.95 72.7 61.7 0.0091 
P-wave axis 0.5802 0.4348 to 0.7257 < 61.55 66.7 59.6 0.2713 
MMVD: myxomatous mitral valve disease. Remodeled: dogs belonging to B2+C+D stages of MMVD with LA/Ao ≥1.6.  
PTF: P-wave terminal force. 1CCJ: Precordial lead V1 positioned in the first intercostal space at the level of the 
costochondral junction. 3CCJ: Precordial lead V1 positioned in the third intercostal space at the level of the costochondral 






FIGURE 1 Electrocardiographic tracings (lead V1) in the dog. (A) Arrow indicates a P-
wave followed by no terminal force. (B) Arrow indicates a P-wave followed by a 
visible terminal force (bluish area) of a dog with MMVD (stage B1). Letters P, R, S 






































FIGURE 2 Receiver operating characteristic curves of P-wave terminal force (A-B), 
P-wave duration (C), P-wave area (D), P-wave Cornell product (E) and P-wave axis 
(F). (A,B,C,D,E) demonstrate sensitivity and specificity of P-wave parameters in 
differentiating healthy and MMVD dogs with remodeled LA (stages B2+C+D), while 
(F) involves the differentiation of healthy and MMVD dogs regardless of LA size. (A) 






























































































































FIGURE 3 Correlations between P-wave terminal force and LA/Ao ratio (A), LVIDd 
































































































FIGURE 4 Correlations between P-wave duration and LA/Ao ratio (A), LVIDd (B), 
NLVIDd (C), LVIDs (D), NLVIDs (E), and E-wave (F). ECG recordings were obtained 












ANEXO 1 Aprovação do estudo no Comitê de Ética do Setor de Ciências Agrárias 
da UFPR. 
 
